ABSTRACT • The article introduces a potentia l use of a combination of the method of numerical modelling and experimental tests for the treatment of the structure of a wooden prefabricated
INTRODUCTION

UVOD
When connecting two height levels during building of residential houses, the current trend is to use light and airy staircases with attractive and modern design. Staircases are often perceived by architects and end users, i.e. investors, as architecture elements that help to create a visual style and well-being of a modern home (Jiricna, 2001 ). The right choice of a staircase contributes to elegance, originality, and a unique style of a building (Karre, 2005) .
The choice of the construction system of staircases is also related to the choice of material (Habermann, 2002) . Nowadays, various material alternatives are combined ; for example it is possible to see frequent use of wood with other material, e.g. stainless steel, glass, stone and fi breglass. In addition, there are many examples of use of just a single material, most commonly wood.
Some examples of staircases that meet the mentioned qualities, i.e. elegance, originality, airiness, and unique and modern style, include staircase bolts with inserted treads, or with central staircase bolt, or spiral staircases. The mentioned types of staircases are produced by a wide range of companies in the Czech Republic and in EU countries. The extensive list of companies includes e.g. SWN Moravia, s.r.o., TREPP-ART s.r.o., Bucher GmbH, Kenngott Treppen GmbH, and others.
Within a project of MPO ČR IMPULS, registration number FI-IM2/053 titled "Research and Development of a New Generation of Staircases to Residential and Civil Buildings", the issue was the construction of wooden prefabricated staircases with one-sided suspended stairs. In accordance with the objectives of the project, a new generation of prefabricated staircases with one-sided suspended stairs was developed in the form of a prototype of a staircase in two versions. The modernized generation of prefabricated staircases improved the universality and variability of the construction system, brought lower costs on production thanks to material saving and simpler production and assembly.
The development of a new generation of staircases and the design of its prototype took advantage of a method of numerical modelling in combination with experimental testing. The combination was also used by other authors (Pousette, 2003; Pousette, 2006 ; Labans and Kalniņš, 2012; Franke and Quenneville, 2011; Fleischmann et al., 2005) . The method of numerical modelling is used for the issues of construction mechanics, or dynamics, i.e. static analysis, dynamic analysis of analyzed structure or a detail with the use of a fi nite element method (Tankut et al., 2014) . Using the outputs of numerical modelling, an evaluation of an analysed structure can be performed according to standard regulations, and critical construction points identifi ed. These points can be modifi ed and re-analysed thanks to the method of numerical modelling. Subsequently, the fi rst phase of verifying details behaviour with the use of experimental tests of partial testing models will be performed. After verifying the correct design of details, an experimental analysis of the construction should be performed in the second phase, in order to fi nd whether the designed structure complies with the existing standard criteria.
MATERIALS AND METHODS
MATERIJALI I METODE
Structure of prefabricated staircases with
one-sided suspended stairs 2.1. Konstrukcija montažnoga konzolnog stubišta A prefabricated staircase with one-sided suspended stairs ( Fig. 1) consists of st airs without risers, which leads to a lighter construction.
The stairs at the side of the wall are usually anchored in the bearing wall with the use of 2 steel bars and partly anchored in the staircase bolt. In order to eliminate footfall sound spreading into bearing walls, the bars are put in rubber cases in the wall. A part from this type of mounting, the mounting used in the design of the staircase prototype can be used as well. At the outer side, the stairs are suspended with the system of bars anchored in a massive handrail. The height position of stairs is delineated with the use of distance elements, which are placed in between stairs on a stair edge. The details of the wooden prefabricated staircase are shown in Fig. 2 .
The staircase is predominantly made of glued wooden profi les of European beech (Fagus sylvatica), European white oak (Quercus petrea), Scotch pine (Pinus sylvestris) and spruce (Picea abies), which improve In order to perform a detailed analysis of behaviour of the prefabricated staircase with one-sided suspended stairs, a 3D analysis model and partial analysis models of details (connection of the top and bottom newel with the handrail, a detail of the mounting of a stair on steel bars, detail of the connection of stairs through distance elements) were developed in the software ANSYS (2012a).
A 3D analysis model, where a fi xed connection of all construction parts was assumed, was developed with the use of fi nite elements type of SOLID45, SOLID92, SOLID95 and SURF154 (ANSYS, 2012b). 3D models (Fig. 3) were developed for stairs, rubber cases, connecting screws, screw washers, bars, distance elements, handrail, and top and bottom newels.
Partial analysis models of massive handrail and bottom newel connections (Fig. 3b ) using submodelling methods (ANSYS, 2012c) were developed with the use of fi nite elements of the type of SOLID92 (ANSYS, 2012b). The real glued connection between the handrail and newels was considered for these models. The connections were modelled with contact elements TARGE170 and CONTA174 (ANSYS, 2012b). In this case, the contact elements allowed the contact to the shape durability and eliminate the effect of torsion of profi les, in the versions of connected profi les and nonconnected profi les. The thickness of profi les ranges between 40 and 65 mm. The non-wooden parts are designed from stainless steel, or surface treated steel.
Static analysis of behaviour of prefabricated
staircases with one-sided suspended stairs 2.2. Statička analiza ponašanja montažnoga konzolnog stubišta
In order to study the behaviour of prefabricated staircases with one-sided suspended stairs, a straight staircase was selected, which represents the most unfavourable arrangement in terms of statics.
Regarding the use of prefabricated staircases for building residential houses, a staircase made form Scotch pine (Pinus sylvestris) with the construction height of 3.0 m, aligned span of 4.862 m and ground distance of 3.98 m was considered (Fig. 3a) . Dimensions of stairs without risers of 900 mm comply with the requirements of a Czech design standard ČSN 73 4130 for residential houses. The width of stairs at the walking line of 314 mm was designed with the stairs overlap of 10 mm. The thickness of stairs of 50 mm was designed taking into account the existing way of production. The dimensions of the handrail and newels were designed to be made of glued wooden profi le 50 × 140 mm.
At the outer side, the stairs were suspended with the use of a system of steel bars (24 pieces) of profi le of ⌀12/2 mm to the bearing massive handrail, which is taken along the outer side of the whole staircase. Each stair was suspended on three bars ( Fig. 1 ) and (Fig. 2 ) and was connected with the previous and the following stair with the use of wood distance elements (Fig. 1a) . At the wall side, the stairs were placed with the use of 2 steel bars ⌀16 mm that were embedded in the bearing wall through rubber cases (Fig. 2a ).
FE modelling 2.3. FE modeliranje
A static analysis by FEM software systems was performed for loading in compliance with Czech design standard ČSN EN 1991-1-1 (73 0035) Eurocode In the 3D analysis model and partial analysis models of details, the behaviour of wooden parts from Scotch pine (Pinus sylvestris) was described in the software ANSYS with the use of an orthotropic material model (Table 1) . Material properties were taken from (Požgaj et al., 1997; Matovič, 1993; .
With the use of orthotropic material model, general anisotropic material properties of wood caused by different properties in different anatomic directions of wood were simplifi ed, i.e. longitudinal direction L, tangent direction T and radial direction R (Požgaj et al., 1997; Kretschmann, 2010; Mascia and Lahr, 2006; Bucur, 2006) . The possibility of using an orthotropic material model is related to the method of producing laminated wooden profi les. When producing the laminated wooden profi les, it is possible to clearly defi ne just the longitudinal direction L, which is identical to the direction of wood grains. The other anatomic directions of wood cannot be clearly determined due to the different orientation. This is the reason why the similar properties were considered for tangent T and radial R directions. Regarding the dimensions of the wooden elements, the material characteristics determined for the cylindrical system LTR were used for the Cartesian system XYZ (Danielsson and Gustafsson, 2013) , where the material is considered to have similar properties in the direction Y and Z.
The behaviour of connecting elements and rubber cases was ideally modelled with the use of an isotropic material model. The steel elements were included in the analysis through material characteristics for steel S235. The isotropic material model of rubber cases was described by modulus of elasticity 10 MPa (2012), density 50 kg/m 3 and Poisson's ratio 0.475. Boundary conditions concerning the 3D analysis model originated from the real support. The simple support was considered at the contact of the bottom newel to the bearing fl oor structure. The fi xation of the staircase to the bearing ceiling structure was considered with the use of a board under the last stair anchored in the ceiling with three screws. Regarding the rubber cases, boundary conditions were defi ned to their cylindrical surface in the cylindrical coordinate system while preventing the case face movement out of the wall.
The analyses made with the use of the 3D analysis model and detailed analysis models were materially linear and geometrically nonlinear. The 3D analysis model was loaded in compliance with a Czech design standard ČSN EN 1991-1-1. Due to the use of the method of sub-modelling, the partial analysis models were only loaded by deformation load, which was determined with the use of an analysis of the 3D analysis model, i.e. the load of the partial analysis models was taken over from the output of the 3D analysis model.
After the solution of the 3D analysis model, as well as detailed analysis models, the evaluation of results was performed. The evaluation determined the fi eld of displacement (U Y , U SUM ) and fi eld of stress (S X , S Y , S Z , S 1 , S 3 ). The vertical displacement U Y and no rmal stress in the direction of grains for uniformly loaded The "critical" places of the staircase structure were subsequently changed in order to reduce the concentration of stress at places of these details. The designed changes were numerically reanalysed. After their numerical verifi cation, they were integrated in the prototype design of the prefabricated staircase with one-sided suspended stairs (Fig. 5) .
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Based on the results of numerical analyses from the 3D model, a prototype of a wooden straight prefabricated staircase was made from Scotch pine (Pinus sylvestris) with one-sided suspended stairs in two versions. The prototype design applied the proposed changes based on the numerical analyses. The changes included the reduction of the number of bars from 24 pieces for the whole staircase (Fig. 5 ) to 4 pcs, the reduction of the thickness of steps from 50 mm to 40 mm, the change of the anchoring of stairs in the bearing 
wall, the modifi cation of solutions of distance elements through improved universality by height rectifi cation, and the change of the contact of the top and bottom newel with the handrail was designed. The two versions of the prototype of a wood straight prefabricated staircase differed in the way the stairs were fi xed into the bearing wall. In the fi rst version marked A, the stairs were supported at the entry edge by a steel profi le L 80 × 60 × 8 mm and at the exit edge by a distance element made of stainless steel (Fig. 6a) without being fi xed to the bearing wall. In the other version marked B, the stairs were supported at the entry and exit edge by a steel profi le L 80 × 60 × 8 mm (Fig. 6b) .
In accordance with the selected numerically analysed prefabricated staircase with one-sided suspended stairs, two prototypes of the staircase in versions A and B in the scale 1:1 were made in the testing laboratory of the Institute of Building Testing, Faculty of Civil Engineering, Brno University of Technology. The staircase prototypes consisted of 15 stairs of the length of 900 mm, width of 314 mm and thickness of 40 mm and an atypical exit stair (Fig. 3) . The height of both staircases was 3.0 m, the handrail and the entry and exit newels were of a rectangular cross-section 50 × 140 mm. The position of the handrail was secured with the entry and exit newels. The handrail was connected to four stairs No. 4, 7, 10 and 13 with steel bars ⌀12/2 mm, which ran through a stainless steel newel and a height-rectifi able distance element ⌀32/1.85 mm made of stainless steel. The steel profi les L 80 × 60 × 8 mm were fi xed to the wall with fi xings Fischer FUR 10 × 115 T and screws ⌀7 mm.
The prototypes of staircases were experimentally tested in accordance with ETAG 008 -Guideline for European technical approval of prefabricated stair kits, edition January 2002. The results of tests were used for the verifi cation of the precision and function of the designed modifi cations. The load tests monitored the response of the structures to the effect of a static load.
Within the experimental tests, the measured time data, i.e. the size of vertical displacement, were continuously recorded,. The loading scheme selected at the effect of the static load was chosen so as to model the effects of the uniform serviceability load (V = 3.0 kN/m 2 ) determined on the basis of Czech design standard ČSN EN 1991-1-1. The load was applied on the staircase with the use of loading boxes (Fig. 7) . The boxes were placed on the staircase in such order, that the course of the bending moment drew as close to the course of the homogeneous distributed load, i.e. 2 nd degree parabola. The reverse action was applied for the unloading.
During the static loading tests, the values of vertical displacements at the stair faces at the selected 12 stairs (Fig. 5a) were continuously recorded with the MS04 with the accuracy of 0.05 mm and the measurement units HBM SPIDER 8 (2006) . The measuring points were located in the middle of the width and thickness of the stairs. Two stairs No. 6 and 11 were also equipped with potentiometric trajectory sensors (Fig. 5a ) in order to monitor vertical displacements at the bearing wall. The position of the measuring points was selected at the lower side of the stairs in the middle of the stairs 30 mm of the edge. The staircase A was loaded in compliance with Czech design standard ČSN 73 2030 (1994) in two steps. In the fi rst step, the staircase was loaded with uniform serviceability load (V = 3.0 kN/m 2 ), which was increased in the second step by the 0.3 multiple of the uniform serviceability load (Fig. 7) . Under the effects of the increased load (1.3 multiple of uniform serviceability load), an extreme value of vertical displacement of 20.66 mm occurred at the stair No. 8, which is lower than the limit value according to ( (Fig.  5b) ; α = 35.3281°) ( Table 2 ). The course of vertical displacements measured under gradual loading allows to clearly identify the course of loading and the moments, when the glued contact of the top (or bottom) When relieving the load, there is a structure response and after the complete unloading, permanent irreversible deformations (notation PD in Table 3 ) appear amounting to 1.3 multiple of the uniform serviceability load of approx. 13.7 %. Under the loading, breaking occured as well as partial opening of the glued contact of the top (or bottom) newel with the handrail, while the screw contact showed no faults and the joint between the top and bottom newel and stairs was slightly opened and a distance element was partially displaced from the bottom washer. Some anchoring screws from the bearing wall were slightly pulled out at some stairs, which was manifested by the turning of the steel L 80 × 60 × 8 profi le. After the load relief of the staircase A, the partially opened glued contact of the bottom and top newel, respectively, with the handrail was closed up.
Staircase B 3.2. Stubište B
The staircase B was loaded with the uniform serviceability load in three steps in compliance with standard ČSN 73 2030 (1994). In the fi rst step, the staircase was loaded with uniform serviceability load (V = 3.0 kN/ m 2 ), which was increased in the second step by the 0.3 Table 2 ). The second part of the graph (Fig. 9) shows a noticeably sharp rise of vertical displacements caused by the broken contact of the bottom newel with the handrail. The values of vertical displacements in individual load steps are shown in Table 3 . When relieving the load, there is again a noticeable structure response and after the complete load relief, permanent deformations (PD in Table 3 ) appear amounting to 1.5 multiple of the uniform serviceability load of approx. 12.8 %. Similarly to the situation with staircase A, breaking and partial opening of the glued contact of the top newel with the handrail occurred under this load. In addition, a partial split of the handrail The evaluation of static loading tests of prefabricated staircases with one-sided suspended stairs in versions A and B was performed according to (ETAG 008/2002 (ETAG 008/ , 2002 ; ČSN EN 1995-1-1, 2006 ). This condition was met by both staircases. Staircase A was loaded by 1.3 multiple of the uniform serviceability load. After applying the same load, the staircase B continued to be loaded up to 1.5 multiple of the uniform serviceability load. The values of the ratio between the permanent and total deformation for staircases A and B are lower than the coeffi cient λ 1 , which, according to Section D. 8 (ČSN 73 2030 8 (ČSN 73 , 1994 , amounts to 0.25 and 25 %, respectively, for glued structures. Both staircases met these criteria of reliability in terms of ultimate limit state.
The comparison of experimentally measured values of vertical displacements for comparable load shown in Table 3 for 1.0 multiple and 1.3 multiple of uniform serviceability load shows that staircase B is stiffer than staircase A.
CONCLUSION
ZAKLJUČAK
The comparison of the measured data showed that the prototype of staircase B is stiffer and more resistant to the applied load than the prototype of staircase A. Regarding statics, this fi nding indicates that supporting stairs with two steel profi les L 80 × 60× 8 mm is more advantageous than the combination of a steel profi le and a rectifi able stainless steel distance element.
During a static loading test, staircases A and B were loaded by their own weight and then by uniform serviceability load of the intensity of V = 3.0 kN/m 2 . Subsequently, the load of staircases A and B was increased up to 1.3 multiple for staircase A and up to 1.5 multiple of the load for staircase B. Even under the higher load, the vertical displacements of selected measuring points at staircase B were lower than those at staircase A. Under the effects of increased loading, which models the ultimate limit state, the staircase structure showed no serious faults and defi ciencies. It should be emphasised that the pressing of newel washers into stairs occurred as well as opening of the contact between the bottom newel and handrail for staircases A and B, and opening of the contact between the top newel and handrail for staircase B. Despite these slight faults, the structures of staircases were reliable, which was documented by subsequently performed loading tests of broken and opened contacts.
Staircases A and B were evaluated in accordance with (ETAG 008/2002, 2002; ČSN EN 1995-1-1, 2006 ; ČSN 73 2030, 1994) in terms of ultimate and serviceability limit state. Both staircases A and B met the required criteria of the mentioned regulations.
Based on the behaviour of staircases in the course of loading tests, it was recommended to increase ultimate limit state of staircases structure and their general stiffness by changes in the detail of the contact of the top and bottom newel with handrail, and the detail of the passage of the exit stair through the top newel.
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